The p53 tumor suppressor plays pivotal role in the organism by supervising strict compliance of individual cells to needs of the whole organisms. It has been widely accepted that p53 acts in response to stresses and abnormalities in cell physiology by mobilizing the repair processes or by removing the diseased cells through initiating the cell death programs. Recent studies, however, indicate that even under normal physiological conditions certain activities of p53 participate in homeostatic regulation of metabolic processes and that these activities are important for prevention of cancer. These novel functions of p53 help to align metabolic processes with the proliferation and energy status, to maintain optimal mode of glucose metabolism and to boost the energy efficient mitochondrial respiration in response to ATP deficiency. Additional activities of p53 in non-stressed cells tune up the antioxidant defense mechanisms reducing the probability of mutations caused by DNA oxidation under conditions of daily stresses. The deficiency in the p53-mediated regulation of glycolysis and mitochondrial respiration greatly accounts for the deficient respiration of the predominance of aerobic glycolysis in cancer cells (the Warburg effect), while the deficiency in the p53-modulated antioxidant defense mechanisms contributes to mutagenesis and additionally boosts the carcinogenesis process.
Introduction
The p53 tumor suppressor plays a key role in securing genetic stability. The importance of p53 is underscored by the fact that its activity is lost in the vast majority of human cancers [1] . While in nearly half of all human cancers the p53 gene itself is mutated leading to accumulation of dysfunctional protein, in the other half there can be found other abnormalities within the p53 pathway that compromise its tumor suppressor functions [2] . Germline mutations of the p53 gene in Li-Fraumeni syndrome are associated with tremendous susceptibility to cancer [3] . Similarly, p53 −/− mice demonstrate a cancer-prone phenotype and severe karyotype instability [4] .
Decades of intense studies have established a role for p53 as a stress-induced protein that protects genetic stability by restricting proliferation, motility and viability of abnormal or stress-exposed cells [5] . As the p53 knockout mice look and develop normally, it was initially concluded that functions of the p53 gene are dispensable for normal physiology. Recent studies however, while not questioning the importance of stress-induced p53 in protection against cancer, suggest additional important roles for p53 in physiology of normal non-stressed cells. The p53 is tightly involved in the homeostatic regulation of energy-producing processes, coordination of overall rate of biosynthesis, and mobilization of defenses against reactive oxygen species (ROS). Together with the stress-induced functions of p53, which eliminate the effects of existing damage, the novel functions enforce preventive mechanisms that reduce probability of mutations. These functions address daily hazards to which a cell is exposed under charge of normal physiological processes. Indeed, excluding extreme conditions such as excessive radiation and treatment with genotoxic drugs, the damages generated by normal physiological processes constitute major hazards leading to cancer and driving the ageing process. In the present review we will describe recently identified mechanisms by which p53 affects the overall rate of biosynthesis, regulates energy metabolism and controls the intracellular redox status.
Modulation of p53 activity in response to stresses
In non-stressed cells the level of p53 is low, owing to both the ubiquitin-mediated degradation in 26S proteasomes, through processes controlled by Mdm2 and some other E3 ubiquitin ligases [6] , and by the ubiquitin-independent degradation by default in 20S proteasomes [7] . p53 is induced in response to genotoxic influences [8] , such as γ-radiation, UV, genotoxic drugs and oxidative stress. The p53 response can be also triggered by a variety conditions that challenge genome integrity indirectly, such as defective cytoskeleton, altered cell adhesion, depleted pools of intermediates, activated oncogenes, etc. [9, 10] .
p53 acts mainly as a transcription factor that activates or represses several functional clusters of genes [11] . The p53 inhibitor Mdm2 is induced by p53, forming a negative autoregulatory loop, which forces degradation of p53, as its activity increases [12] . Some signals activate enzymes that modify p53 and prevent its interaction with Mdm2 protein [13] , while other signals prevent degradation of p53 by inducing p14 ARF , which blocks Mdm2 [14] . In addition, stabilization of p53 can be mediated through the induction of NADPH: quinone oxidoreductases NQO1 and NQO2, which prevent degradation of p53 in 20S proteasomes [15] . The transcriptional activity of p53 itself can be modulated by a wide array of modifying enzymes and interacting proteins that modify DNA-binding preferences and affect the consequences of p53 binding to DNA [16] .
The p53 activation leads to certain functional outcomes providing optimal solution to the particular condition that initiated the p53 response [9] . The outcomes are mediated by products of the genes that p53 controls as a transcription factor. Several lines of studies identify more than 500 genes that are either stimulated, or repressed by p53 [11, [17] [18] [19] , although the spectrum of the genes is strongly cell and tissue specific [20] .
The p53 regulated genes can be divided into several functional groups. There are scores of p53 responsive genes that participate in intrinsic and extrinsic cell death pathways [21] . A large group of p53 regulated genes act to generate high levels of ROS, which potentiate the apoptotic response [22] . Certainly, upon grave insults and damages, the best solution would be safe elimination of irretrievable yet dangerous cells. However, the outcome of p53 response greatly depends on cell context: in certain cell types lethal stresses induce terminal senescence rather than apoptosis [23] . A large group of p53 regulated genes is capable of arresting the cells at specific points of the cell cycle, thus giving the stressed cell time to repair a damage. Another group of p53-regulated genes controls DNA repair factors. In combination with reversible cell cycle arrest the induced DNA repair genes help in recovering from damage before resuming normal cell divisions. The recovering process is facilitated by several p53-regulated genes (such as MDM2, cyclin G, Siah1 etc.) participating in negative autoregulatory loops [12] .
The mTOR pathway plays critical role in switching between catabolic and anabolic processes. Stimulation of the mTOR by availability of nutrients, growth factors and hormones leads to a more robust protein synthesis that boosts cell growth and proliferation. In contrast, ATP depletion and limited nutrients switches metabolism to a slower but more energy efficient aerobic respiration and mobilizes catabolic processes, such as macroautophagy, thus lowering cell' dependence from external energy sources. The mTOR pathway is regulated by sensing and integrating signals that measure levels of nutrients, growth factors and hormones, and overall energy status of the cell. The signals are delivered through the activity of two opposing upstream kinases, the Akt (or protein kinase B), which depends on availability of nutrients and growth factors and the AMP-dependent kinase (AMPK), which is activated by the depleted energy status. The p53 tumor suppressor exerts additional level of regulation over the mTOR pathway, thereby integrating the metabolic signals to a broader context and resolving cell' fate according to needs of the whole organism.
The AMP-dependent kinase (AMPK) mediates a p53-dependent metabolic checkpoint
Limited availability of glucose leads to exhaustion of intracellular energy resources, which is characterized by low ATP:AMP ratio. During intense consumption of ATP, adenylate cyclase compensates the deficiency by converting two molecules of ADP to AMP and ATP. Therefore, ratio of AMP to ATP is the true indicator of the energy charge. AMPK keeps energy balance within the cell, as well as the whole-body energy metabolism [25] . Through phosphorylation of multiple substrates, AMPK turns off ATP-consuming pathways and simultaneously activates energy production. Particularly, AMPK phosphorylates and inhibits HMG-Co reductase and acetyl CoA carboxylase (ACC), thereby suppressing cholesterol and fatty acid synthesis, inhibits protein synthesis through phosphorylation of TSC2, an upstream repressor of mTOR, inhibits glucose synthesis in the liver and attenuates insulin secretion. Simultaneously, AMPK stimulates glucose uptake, fatty acid oxidation and mitochondrial respiration [26] .
The AMPK consists of a catalytic (α) and two regulatory (β and γ) subunits [27] . AMPK is slightly activated by binding of AMP to its γ subunit. However, a dramatic activation is achieved by phosphorylation of the α-subunit at Thr172 [28] by Ca 2+ /calmodulin sensitive kinase and by a constitutively active kinase LKB1. Loss of function of the LKB1 kinase is implicated in a variety of human cancers, placing it among major tumor suppressor genes [29] . Due to the stimulation by the upstream kinases the AMPK is active by default. The modulation of AMPK in response to AMP is mediated mainly through the activity of protein phosphatase 2C (PP2C), which inhibits AMPK by dephosphorylating Thr172. Binding of AMP to AMPK makes it a worse substrate for PP2C, thereby increasing its enzymatic activity [28, 30] .
Functions of AMPK and p53 are tightly linked. In response to a DNA-damage p53 activates transcription of the genes for β subunits of AMPK [31] . The β-subunits function as a scaffold for binding of α and γ subunits, and modulate localization and activity of AMPK [32] . Furthermore, p53 itself is controlled by AMPK and by its upstream kinase LKB1. The LKB1 kinase forms complex with p53 and directly or indirectly phosphorylates its Ser15 and Ser392 [33] . In the complex with p53 LKB1 binds to control regions of the p21/CDKN1A and other p53-regulated genes, and participates in transcriptional activation by phosphorylating components of chromatin or the general transcriptional machinery [33] . Activated AMPK can modify p53, and in addition it somehow induces activation of the p53 gene promoter [34] , which further enhanced the p53 response.
Normal fibroblasts display a reversible p53-dependent cell-cycle arrest at the G 1 /S boundary when placed into low-glucose medium. The cell-cycle arrest depends on the activity of AMPK, but it occurs even under conditions when the mTOR pathway is not inhibited. The delay in cell cycle progression represents a checkpoint that restricts further divisions when energy resources are exhausted. This metabolic checkpoint is absent in the p53−/− cells. Moreover, the p53 +/ + fibroblasts that grow in low glucose are relatively resistant to apoptosis upon complete removal of glucose, as opposed to p53−/− fibroblasts, which are not protected [35] . Therefore, p53 is required for the adaptive response to limited glucose availability that enhances the viability of cells under conditions of glucose deprivation.
The metabolic checkpoint involves direct phosphorylation of p53 by AMPK at Ser15, leading to stabilization and transcriptional activation of p53 [35] . Noteworthy, AMPK-and p53-dependent responses to low glucose differ substantially depending on the cell type. In normal thymocytes and in a human osteosarcoma cell line glucose deprivation is associated with phosphorylation of p53 at Ser46 leading to apoptosis [34] . Similarly, apoptotic cell death prevails in oncogene-transformed cells that have inactive pRB and defective checkpoints, pointing to a role of cell-cycle arrest in the pro-survival function of p53 [31] . Meanwhile, in cell types that sustain cell cycle arrest the viability of starved cells may be promoted by the stimulation of p53-dependent autophagy [36] , which mobilizes nutrients by digesting part of their cytoplasm [37] (see below).
p53-mediated control of the IGF-1 -Akt pathway
Protein kinase B or Akt delivers survival signals in response to growth factors and hormones. The pathway is regulated by insulin-like growth factor (IGF-1) or by insulin, which signal the availability of nutrients in the organism. Binding of IGF-1 to its tyrosine kinase receptor IGF-1R induces recruitment of active phosphoinositide 3-kinase (PI3K), which increases local concentration of PIP 3 at the plasma membrane. The PIP 3 tethers to plasma membrane proteins containing the pleckstrin-homology (PH) domain, such as Akt and PDK1. As the result of colocalization the PDK1 phosphorylates Akt at Thr308, which stimulates its kinase activity. However, full activation of Akt is achieved when it is phosphorylated at Ser473 by the kinase complex mTORC2 [38] .
The induction of Akt by PI3K is reversed by dephosphorylation of PIP 3 by lipid phosphatase PTEN. Without the activity of PTEN the pathway remains permanently active, explaining why PTEN is a frequently mutated tumor suppressor gene in cancer [39] .
The Akt modulates a variety of cellular functions through phosphorylation of different proteins [38, 40] . Particularly, Akt stimulates cell proliferation by blocking p27 kip1 and by activating cmyc and cyclin D1. It counteracts-apoptosis through the inhibition of Bad, Mdm2 and FoxO proteins and through activation of NFκB. Akt can stimulate aerobic glycolysis, by increasing concentration of glucose transporters Glut1 and Glut4 at the plasma membrane [41, 42] and by stimulating the mitochondria-associated hexokinase [43] , which initiates glycolysis and pentose-phosphate pathway (PPP). Akt activates ATP citrate lyase, thereby enhancing the de novo synthesis of fatty acids [44] necessary for building membranes in rapidly growing cells. The Akt kinase phosphorylates FoxO transcription factors, leading to their inhibition by nuclear exclusion and to downregulation of the enzymes involved in gluconeogenesis -PEPCK and glucose-6-phosphatase. Finally, Akt is a strong activator of the mTOR pathway, which is described below. p53 can negatively regulate the IGF-1-Akt pathway. One of the p53-regulated genes is IGF-BP3 [45] , which encodes a major IGF-1 carrying protein and a modulator of its bioactivity in the circulation. IGF-BP3 is a strong inhibitor of IGF-1 in extravascular tissue compartment, where it is locally secreted in a controlled manner [46] . By inducing the IGF-BP3 expression p53 attenuates the IGF-1 signaling, not only in the same cell, but also in the neighborhood, producing a bystander effect. The PTEN gene is a p53-activated gene [47] . Therefore, conditions leading to activation of p53 attenuate the activity of IGF-1/Akt pathway and induce substantial changes to overall metabolism of the cell. By stimulating PTEN p53 downregulates Akt, leading to reduced glycolysis and fatty acids synthesis and enhanced β-oxidation of lipids.
p53 and the mTOR pathway
Mammalian target of rapamycin (mTOR) serves as a major integrator of signals measuring intracellular energy level, availability of nutrients and growth factors. It stimulates cell growth promoting ribosome biogenesis, mRNA translation, and by inhibiting autophagy [38, 48, 49] . mTOR acts as a catalytic subunit of two distinct Ser/Thr kinase complexes-mTORC1 and mTORC2 [48] . Of these complexes only the mTORC1 is responsible for the control of protein synthesis and cell growth [38] , while the mTORC2 regulates cytoskeleton through the stimulation of F-actin stress fibers, paxillin, RhoA, Rac1, Cdc42, and PKCα [50] . The mTORC2, along with the PDK1, also serves as an upstream kinase in the activation of Akt [38] .
The mTORC1 is positively regulated by growth factors [48, 51] and inhibited by nutrient limitation and stresses, such as hypoxia, oxidative stress, DNA damage [51, 52] . In addition to mTOR, the mTORC1 complex includes PRAS40, mLST8 and Raptor. The most important effectors downstream of mTORC1 are the p70 ribosomal protein S6 kinase1 (S6K1) and the eIF4E binding protein 1 (4EBP1). Phosphorylation by the mTORC1 activates the S6K1, and inactivates the 4EBP1 inhibitor of cap-dependent translation. The phosphorylation of these two proteins stimulates ribosome assembly and protein translation and promotes cell growth [51] .
The mTORC1 activity is modulated through the complex of TSC1 (hemartin) and TSC2 (tuberin) proteins, which represent products of tumor suppressor genes commonly mutated in tuberous sclerosis, a rare genetic disease characterized by multiple benign tumors, hemartomas, in brain and other vital organs [53] . Acting as a rheostat, the TSC1/2 complex regulates the mTOR, restraining cell growth under stress conditions, and releasing the inhibition when the conditions are favorable for growth. Mechanistically, the TSC2 subunit serves as a GTPase activating protein (GAP) for the small GTPase protein Rheb, which activates the mTOR when it is GTP-bound [48, 52] .
The Akt kinase serves as a positive regulator of cell growth through activation of the mTORC1. Phosphorylation of TSC2 by Akt leads to the disruption of its complex with TSC1 and binding to 14-3-3 proteins [54] . As result of the inhibited GAP activity of TSC2 the GTP-bound Rheb stimulates the mTOR kinase. In addition, Akt stimulates the mTOR pathway through the phosphorylation of the mTORC1 inhibitor PRAS40 [55] .
An opposite effect is induced by the AMPK, which is an upstream inhibitor of the mTORC1. The AMPK phosphorylates the TSC2 at the amino acid residue that is different from the one phosphorylated by the Akt, which serves as prerequisite for additional activating phosphorylation of the TSC2 at multiple sites by the GSK-3 [56] . This leads to stimulation of the Rheb-GAP activity and inhibition of mTOR [57] . Noteworthy, the TSC2-inhibiting effect of AMPK is dominant over the stimulating effects of Akt and Erk [26] , which means that in the absence of energy resources the mechanism prevents stimulation of protein synthesis by positive signals. In addition to TSC2 the AMPK can also target the mTORC1 by phosphorylating Raptor [58] . Therefore, like Akt, the AMPK regulates mTOR by targeting both the TSC1/2 complex and the mTORC1, although the outcomes are opposing.
The mTOR pathway is negatively regulated by the p53 tumor suppressor. Low energy status induces AMPK, which activates p53. In response, p53 arrests the cell cycle, and shuts down the unnecessary protein synthesis through the inhibition of mTOR.
There are several components of the mTOR pathway that are affected by p53. It has been mentioned that p53 upregulates the β subunits of AMPK, which translates into the AMPKinduced activation of TSC2, inhibition of Raptor, and downregulation of the mTOR kinase. Another mechanism involves activation of AMPK by p53-modulated Sesn1 and Sesn2 [59] . In addition to their role in the p53-mediated antioxidant activity [60] (see below) sestrins interact with the catalytic α-subunit of AMPK and promote its AMP and LKB1 independent phosphorylation. Apparently, binding of sestrins to AMPK inhibits the dephosphorylation of Thr172 by PP2C, and maintains high activity of the AMPK. Upregulation of the AMPK increases phosphorylation of p53, thereby amplifying the effect. Moreover, sestrins bind to TSC2 and promote its interaction with AMPK, leading to selective inactivation of the mTOR pathway. This mechanism suggests that during metabolic stress the AMPK-induced activation of p53 not only amplifies the effect, but also assists in more focused targeting of the mTOR pathway.
Finally, the TSC2 itself is a p53-regulated gene, being induced by the conditions that increase activity of p53 [31, 61] . It should however be kept in mind that although p53 can inhibit the mTOR pathway at many levels, the effect has strong tissue specificity, suggesting that final effects of the p53 induction on activity of the mTOR pathway will depend both on the cell type and the degree of p53 induction [31] .
Role of p53 in autophagy
Prolonged nutrient deprivation initiates a self-eating process, macroautophagy (autophagy), which provides cells with nutrients needed for their survival, through sacrificing some of the existing cell mass. Autophagy is a membrane-trafficking process that includes formation of autophagosomes, double-membrane vesicles that engulf certain volumes of cytoplasmportions of endoplasmic reticulum, endosomes and mitochondria. The autophagosomes fuse with lysosomes to form autolysosomes in which the engulfed structures are digested to provide nutrients from the carbohydrate, lipid and protein turnover [37] . In addition, the autophagy helps to remove certain waste material, such as damaged organelles and oxidized proteins.
Defective mitochondria elicit certain diffusible molecules and ROS that serve as signals to initiate the autophagy [62] , leading to the removal of unwanted sources of mutations that fuel the ageing process [63, 64] . Although in many instances autophagy helps to maintain viability, in certain cell contexts its components are required for apoptosis [65] .
Autophagy is a tightly regulated evolutionary conserved process [66] . The mTOR pathway is implicated in the negative regulation of autophagy, although the exact mechanisms are not completely understood [67] . The p53 has a rather complex relation to autophagy. First, p53 can activate autophagy through inhibition of the mTOR pathway [61] . Second, p53 can induce autophagy through a p53-activated gene DRAM. Forced expression of DRAM in p53-negative cells can stimulate autophagy, while the effect is inhibited by RNAi [68] . Remarkably, autophagy may have a pro-survival role [69] , as ectopic expression of DRAM results in substantial increase in clonogenicity [70] . However, DRAM was also shown to be required for the p53 dependent apoptosis [68] suggesting the relation of autophagy to cell death pathways.
Recent studies suggest that other components of the p53 pathway may also contribute to the autophagy process. Transcriptionally active p53 family member TA-p73 can upregulate autophagy in a DRAM-independent manner [71] . Autophagy can be also triggered by ARF, which is a strong inducer of p53 in response to oncogene activation [72] . However, the process is only partially p53 dependent, as ARF can induce autophagy even in the absence of p53 [72] . The induction of autophagy is even greater in response to a shorter isoform of ARF (the smARF), which unlike the full-length nucleolar ARF resides in mitochondria [73] .
Remarkably, the autophagy can be also triggered by the inhibition of p53 [74] . It was found that while the transcriptionally active nuclear p53 promotes autophagy, the cytoplasmic form of p53 is a strong inhibitor of autophagy [75] . Balanced action of the two forms of p53 makes the cells sensitive to autophagy induction in response to starvation or fasting, while in p53-knockout cells the level of autophagy is permanently high and cannot be modulated [74] .
The mechanism for constitutively hyperactive autophagy in p53-deficient cells is not clear. Perhaps, the deficiency in p53 may compromise certain functions and create signals for autophagy. Particularly, p53 is required for normal mitochondrial biogenesis [76] , base excision repair of mitochondrial DNA [77] and for maintaining transcription of AIF [78] and SCO2 [79] genes. The AIF gene encodes the "apoptosis inducing factor", a NADH oxidase in the inner mitochondrial membrane [80] , which participates in oxidative phosphorylation by assisting proper assembly of the mitochondrial respiratory complex I [81] . In response to strong insults there is a PARP-1 dependent translocated of AIF from mitochondria to nuclei, which has a pro-apoptotic effect [82] . Although, AIF may play a cytoprotective function under conditions of physiological stresses [78] . Similarly, the product of the SCO2 gene participates in oxidative phosphorylation [83] by assisting the assembly of mitochondrial respiratory complex IV [79] . Certainly, the deficiency in these p53 regulated proteins can compromise mitochondrial functions, leading to the induction of autophagy.
Functions of the p53 tumor suppressor control aerobic respiration and glycolysis
Energy demands of cells vary substantially depending on their tissue origin, current physiological condition, proliferation status etc. In normal cells glucose is the major external source of energy. Energy of glucose is converted into energy of ATP. Glycolysis, an ancient anaerobic process in the cytoplasm, produces two molecules of pyruvate and only two molecules of ATP. Aerobic mitochondrial respiration finalizes glucose oxidation by yielding nearly 30 molecules of ATP. Despite its high energy efficiency the aerobic respiration is a slow process, compared to glycolysis, which may be a robust source of energy. Also, in addition to providing energy the mitochondrial TCA cycle serves as major source of intermediates used for anabolic purposes. Continuous withdrawal of components from the process would stop its recycling, unless it is replenished with suitable metabolites [84] . Therefore, despite the apparently higher efficiency of aerobic respiration, glycolytic production of ATP may become preferable under certain conditions that require either rapid release of energy, such as intense contractions of skeletal muscular fibers [85] , or massive biosynthesis of cellular structures (membranes, organelles) in rapidly proliferating cells [86] . Certainly, optimal balance between glycolytic and mitochondrial branches of energy metabolism is a subject to tight regulation [87] .
Recent studies suggest that the p53 tumor suppressor has multiple roles in aligning energy metabolism with current physiological condition and proliferation status of cells [83, 88] , and that the effect of p53 is observed under apparently normal non-stressful conditions. Inactivation of p53 leads to greater dependence of cells from the glycolytic energy production and to substantial impairment of the aerobic mitochondrial functions [76, 89, 90] . As was described above, under the conditions of low energy or deficient growth stimulation the activity of p53 shuts down anabolic processes to complement the inhibitory effect of p53 on cell cycle progression. The effect of p53 on energy metabolism is seen even without any stresses. However, it does not exclude a possibility of certain p53-dependent modulation of energy metabolism by changing physiological conditions.
p53 affects mitochondrial energy production
Inhibition of p53 results in substantial deficiency in mitochondrial biogenesis [76] , decrease in oxygen consumption [79] , and stimulation of glycolysis, which is manifested by the increased lactate production. Although the overall level of ATP in the p53−/− cells does not change, it was found that in the p53+/+ cells the proportion of ATP produced from glycolysis vs. mitochondrial respiration is 1:3, while in the p53−/− cells it is increased to 3:1 [79] , suggesting that the mitochondrial ATP synthesis depends on p53 functions.
Search for the candidate genes that could mediate these effects of p53 has identified SCO2 gene. The gene is apparently upregulated by basal levels of p53 [79] . It encodes a copper chaperon protein required for the assembly of mitochondrial cytochrome c oxidase complex IV [91] . The decreased aerobic respiration in the p53-deficient cells can be rescued by the reexpression of SCO2 at physiological levels. Similarly, targeted disruption of one allele of the SCO2 gene reduces the mitochondrial ATP production and increases the glycolytic activity.
The results confirm the involvement of SCO2 in the p53 mediated control of aerobic ATP production, although do not exclude contribution of additional p53 regulated genes in the mitochondrial energy production. One of the candidate genes is the p53-regulated AIF, encoding a protein required for the assembly of mitochondrial respiratory complex I [81] , although its involvement in energy production is still elusive.
As deficient mitochondrial functions in the p53−/− cells are easily compensated by the increased glycolysis, it suggests the coordinate regulation of the glycolytic and aerobic pathways. In addition to the known mechanisms of feed-back regulation, an array of the p53 regulated gene products affecting glucose metabolism contribute to this balance. It should however be kept in mind that the p53 dependent effects may be highly cell type specific explaining why some of the mechanisms cannot be reproduced in a particular cell system.
p53 modifies glycolytic pathways
The p53 functions affect glucose catabolism at multiple levels. p53 can in some systems retard glucose uptake by repressing transcription of GLUT1 and GLUT4 genes encoding glucose transporters [92] . In other instances, p53 can stimulate glucose uptake by increasing the transcription of Hexokinase II gene [93] , which converts glucose to glucose-6 phosphate and serves as a key enzyme in the glycolytic pathway. At the first glance, this activity of p53 contradicts its function as tumor suppressor, as upregulation of Hexokinase II is widely observed in cancer cells [94] . However, mild upregulation of Hexokinase II may be part of the pro-survival function of p53 in normal cells under conditions of mild stress, when p53 helps to recover from metabolic checkpoint by refueling energy resources [95] . Phosphoglycerate mutase (PGM), an enzyme acting at the later stages of the glycolytic pathway by performing reversible rearrangement of phosphoglycerates, is also regulated by p53. Upregulation of PGM increases substantially the glycolytic flux [96] . The PGM gene contains a p53-responsive element that mediates transcriptional activation of PGM, at least in cardiomyocytes [97] . However, p53 is also able to repress the expression of PGM through a posttranscriptional mechanism [96] , adding additional level of complexity to the regulation of glycolysis.
Recently yet another enzyme indirectly connected with glycolysis was identified as a p53-upregulated product. TIGAR gene encodes a protein that is homologous to bisphosphatase domain of a bifunctional enzyme 6-phosphofructo-2-kinase, an enzyme converting glucose-6-phosphate to fructose-2,6-bisphosphate [98] . The reaction is reversible, as the bisphosphatase domain of the same enzyme converts the fructose-2,6-bisphosphate to fructose-6-phosphate. The fructose-2,6-bisphosphate is a strong inhibitor of fructose-1,6-bisphosphatase, a regulatory enzyme in biosynthesis of glucose [99] , suggesting that the p53-regulated TIGAR can potentially stimulate gluconeogenesis. However, the fructose-2,6-bisphosphate is also a strong allosteric activator of 6-phosphofructo-1-kinase, a key enzyme of glycolysis. By this mechanism the product of the p53-induced TIGAR can block glycolysis at the fructose-6-phosphate stage and divert the glucose catabolism toward the oxidative branch of the PPP. Interestingly, glucose-6-phosphate dehydrogenase (G6PD), which catalyzes a rate-limiting step in the PPP [100] , is also activated by p53 [19] . Stimulation of PPP leads to increased synthesis of the nucleotides needed for the DNA repair, and to the enhanced accumulation of NADPH, which boosts the antioxidant defense. Therefore, inhibition of glycolysis and stimulation of PPP by p53 serves as important pro-survival mechanism that helps the cell to recover from minor injuries [88] .
Among the first identified p53 targets was muscular creatine kinase gene (MCK) [101] . Functional p53 responsive element is also contained in the gene encoding the brain isoform of creatine kinase [102] . Creatine kinase restores ATP level by phosphorylating ADP and by consuming phosphocreatine, which serves as energy reservoir in tissues that are actively spending ATP, such as skeletal muscle, brain and smooth muscles. Therefore, restoration of ATP levels can also be the function of p53 that acts to maintain intracellular homeostasis and to promote cell survival.
Regulation of homeostatic functions of p53 would require milder changes in its activity compared to the more robust and deadly activation of p53 observed in response to severe stresses and insults. Results of in vitro studies suggest that energy status of the cell and major metabolic units may affect transcriptional activities of p53 in a feed-back manner, similar to the regulation of glycolytic enzymes by their metabolites. Specifically, it was found that ADP can bind to p53 tetramer and promote its DNA binding [103] , while ATP (or GTP) and NAD + can act in opposite manner [103, 104] . However, regulation of p53-dependent homeostatic functions requires additional studies.
p53 and the Warburg Effect
One of the prominent hallmarks of cancer cells is the constitutive switch in their energy mechanism from oxidative phosphorylation to the predominance of aerobic glycolysis. This phenomenon was first described by Otto Warburg [105, 106] and is known as the Warburg effect. Warburg proposed that carcinogenesis process starts when cells acquire irreversible injury to respiration, leading to selection of less differentiated and primitive cells that "grow wildly" and "succeed in replacing the irretrievably lost respiration by fermentation energy" [105] .
After more than six decades we can argue that many different factors contribute to the Warburg effect in cancer. First, the switch from the apparently more energy saving oxidative phosphorylation to the more wasteful glycolytic fermentation is characteristic to many normal rapidly dividing cells, such as lymphocytes, hematopoietic, embryonic and other cell types [84, 107] . Apparently, the high glycolytic rate provides certain advantages for proliferating cells. Although the yield of ATP per glucose consumed is low, the rate of ATP production during glycolysis is much higher compared to oxidative phosphorylation [108] . Second, cell divisions require intermediates for biosynthetic pathways, including NADPH, citrate and glycerol for lipids, ribose sugars for nucleotides etc. While some of the intermediates originate from glycolysis and PPP, others are taken from the TCA cycle. Therefore, in proliferating cells much of the carbon that enters the TCA cycle is used for the biosynthetic processes, which consume rather than produce ATP. The shortage in ATP is covered by the excessive glycolysis. As the rate of glycolysis outpaces the maximal velocity of pyruvate oxidation, its excess is converted to lactate, which is secreted from the cell and can be used by other cells as an energy source. Recent findings suggest that p53 might play a role in adjusting metabolic processes in normal proliferating cells by diverting some of the glucose catabolites to PPP, which yields additional intermediates for nucleic acid biosynthesis, and NADPH for conversion of excessive pyruvate to lactate, synthesis of glutathione etc. By sensing decreased level of ATP p53 could stimulate oxidative phosphorylation and the production of ATP through the upregulation of the SCO2 gene. Similarly, the accumulation of NAD+ could allosterically activate p53 and stimulate the production of NADPH through the induction of TIGAR.
Although, the Warburg effect in cancer is not entirely explained by the normal mechanisms that regulate metabolism. Mutations leading to the irreversible breakage of different signaling pathways in the cell create distortions in the whole regulatory network. The abnormalities induce p53 response that restrict proliferation or induce apoptosis of affected cells. The eventual disruption of the p53 pathway occurring upon cancer progression lifts the ban for uncontrollable proliferation and permits the competition among the abnormal cells for the supply of nutrients and oxygen. The increased production and secretion of lactate from rapidly growing cells relying mostly on glycolysis confers additional advantage for cancer cells, as the acidification by lactic acid is toxic for normal cells but nontoxic for cancer cells [109] . Hence, there is further selection of the cells that maintain high level of aerobic glycolysis. Simultaneously, elimination of the p53 gene activity leads to the deficiency in oxidative phosphorylation due to the decreased levels of SCO2 and, possibly, of some other p53-regulated components of the respiratory chain [78, 90, 102, 110] . Therefore, the former suggestion made by Otto Warburg regarding the apparent functional deficiency of mitochondria in cancer cells appears to receive its final confirmation.
The deficiency in p53 in cancer cells abrogates the metabolic checkpoint that shuts down the mTOR pathway in response to depleted energy resources. The p53-dependent repression of the genes encoding glucose transporters, PGM and hexokinase is also relieved, while the TIGAR gene is downregulated, which collectively results in stimulation of the glycolytic flux. Hypoxia, which is one of the p53-inducing factors, can no longer inhibit proliferation of cancer cells, all the more so because the p53 dependent inhibition of angiogenesis is abrogated [111] . However, hypoxia induces HIF-1α transcription factor, which further stimulates glycolysis by boosting expression of many glycolytic enzymes and by promoting angiogenesis. Clearly, while many different factors contribute to the phenomenon of aerobic glycolysis predominance in cancer, the disruption of the p53 tumor suppressor function plays one of the central roles in the Warburg effect.
The antioxidant function of the p53 tumor suppressor
Organisms living in aerobic conditions utilize oxygen not only for the energy production through carbon oxidation. Oxygen can be metabolized into reactive oxygen species (ROS) that are highly reactive intermediates capable of modifying numerous biological substrates. Oxidation of lipids, proteins and nucleic acids by ROS damages cellular structures and represents a major hazard that fuels the aging process and leads to numerous pathologies. Despite the formerly widespread beliefs regarding ROS as mostly byproducts of mitochondrial respiration, detoxification by cytochrome P450, oxidation of fatty acids and other processes that involve redox reactions, recent studies indicate that substantial amounts of ROS are generated endogenously in response to various signals [112] . Hydrogen peroxide is an important signaling molecule that is produced by combined action of membrane bound NADPH oxidases and superoxide dismutase (SOD) following interaction of different membrane bound receptors with their extracellular ligands. The produced H 2 O 2 performs its signaling role by oxidizing certain redox sensitive components of signaling pathways, such as protein phosphatases, proteinases, some transcription factors etc.
Several antioxidant systems participate in metabolism and homeostasis of ROS. Catalase and glutathione peroxidase are essential for rapid elimination of large quantities of ROS, which usually have exogenous sources. However, genetic studies with knockout models suggest that these highly efficient antioxidant enzymes are not critical for the protection against endogenously produced ROS, which represent major source for mutations and an important contributor to the aging process [112] [113] [114] . The latter function is performed by peroxiredoxins, a family of antioxidant thiol enzymes relying on thioredoxin system for their regeneration [115] .
Changes in intracellular ROS mediate various responses, which depend greatly on cell type context and the level of ROS [116] . Exposure of cells to high levels of ROS leads to oxidative stresses, which among many other influences induce the p53 response. The induced p53 response leads to inhibition of cell proliferation, premature senescence or apoptotic cell death [88, 116] . Therefore, this function of p53 restricts further proliferation or viability of cells exposed to potentially mutagenic environment.
It is remarkable, that approximately one third of the genes that are highly responsive to H 2 O 2 treatment represent transcriptional targets of p53 [117] . Also, among the genes induces by the p53 activation there is a number of genes, such as quinine oxidoreductases homologue PIG3 [22] , proline oxidase PIG6 [118] , ferredoxin reductase FDXR [119] whose products increase intracellular ROS and sensitize the cells to oxidative stress. These observations suggest that the pro-oxidant activity of p53 may facilitate apoptotic cell death through the oxidative degradation of mitochondrial components [22] . As the induction of apoptosis itself is accompanied by massive release of ROS, the other p53 regulated genes that are related to apoptosis induction can be also regarded as potentially pro-oxidant genes.
Unlike the condition of oxidative stress, mild increases in ROS may have stimulatory effect for certain functions, such as cell proliferation, motility etc. Abrogation of p53 functions in cancer may further contribute to the ROS-induced acceleration of proliferation and to stimulation of angiogenesis [120] . Following oncogenic transformation the permanent activation of growth promoting pathways can additionally boost the intracellular ROS level. In the absence of functional p53 the elevated ROS leads to increased oxidation of DNA, rapid accumulation of mutations and substantial genetic instability that further accelerates the oncogenic progression [121] . These results suggest that elimination of functional p53 may lead to progressive increase in intracellular ROS.
Recently a new model for the p53-dependent regulation of intracellular ROS levels has started to emerge that acknowledges a qualitatively different mode of p53 function in unstressed cells (Figure 2 ). Among the identified targets of p53 there are several genes with apparent antioxidant function. These are microsomal glutathione transferase homologue PIG12 [22] , aldehyde dehydrogenase ALDH4A1 [122] , glutathione peroxidase GPX1, Mn-superoxide dismutase SOD2 [123] and catalase [124] . In addition, two members of the sestrin family SESN1 (PA26) and SESN2 (Hi95) were also found to be regulated by p53 [125, 126] . Sestrins act as components of the peroxiredoxin regeneration system [60] . In tight cooperation with sulfiredoxin (Srx) the sestrins act as subunits of cysteinic sulfinyl reductase by regenerating inactive peroxiredoxins that overoxidize in response to massive bursts of H 2 O 2 occurring during signal transduction.
The contribution of these antioxidant products to p53 functions was elusive until it was found that in unstressed cells a p53 function is required for reducing the intracellular ROS levels [127] . Abrogation of p53 functions by means of RNAi, or by overexpression of dominant negative p53, Mdm2 or papilloma virus E6 gene product resulted in a substantial increase in intracellular ROS. Similar increases in ROS were observed in tissues of the p53 −/− mice. The increases in ROS in the p53-deficient cells correlated with substantial downregulation of the p53 regulated genes GPX1, SESN1 and SESN2, suggesting that basal physiological levels of p53 are sufficient for maintaining functional state of the genes [127, 128] . Basal levels of p53 were also found sufficient for maintaining the expression of catalase [124] and TIGAR [98] . As described above, TIGAR encodes a homologue of bisphosphatase domain of the 6-phosphofructo-2-kinase which shifts glucose catabolism from glycolysis to an alternative PPP. Stimulation of PPP boosts the production of NADPH, leading to accumulation of reduced glutathione, which additionally contributes to the antioxidant activity of p53 [16] .
The antioxidant activity plays an important role in overall tumor suppressor function of p53. It was found that ROS elevation connected with the deficiency in p53 increases dramatically oxidation of nuclear DNA, and the rate of mutagenesis. These effects could be substantially reversed by the overexpression of sestrins or by the application of antioxidant N-acetylcysteine [127] . Moreover, dietary supplementation with N-acetylcysteine substantially improves karyotype stability and prevents malignant lymphomas in p53 −/− mice, which suggests that the deficiency in the antioxidant function represents the major cause of frequent tumors connected with the p53 deficiency, at least in the mouse system [127] .
Although the antioxidant function of p53 is observed under apparently physiological conditions, it does not exclude certain level of regulation in response to changing intracellular redox status. In fact, p53 contains several redox-active cysteines in the DNA binding domain that contribute to the regulation [129] . A p53 interacting protein ARE/Ref-1 mediates a redoxdependent modification of the domain that affects DNA-binding specificity and transcriptional activity of p53 [130] . In addition, the activity of p53 can be regulated by reversible redoxdependent S-glutathionylation of the oxidation-sensitive cysteines [131] . However, more studies are needed to reveal details of the redox-dependent regulation of the p53 activity, which would help to understand the mechanisms controlling homeostatic functions of p53 in nonstressed cells.
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Figure 1.
P53 involvement in metabolism. A. Direct regulation of genes, which participate in major energetic pathways. Anabolic enzymes, regulated by p53. are not shown. GLUT -glucose transporters; G6PDH -glucose-6-phospate dehydrogenase; TIGAR -TP53-induced glycolysis and apoptosis regulator; PGM -phosphoglycerate mutase; SCO2 -synthesis of cytochrome c oxidase 2; AIF -apoptosis inducing factor; F2,6P -fructose-2,6-bisphosphate; B. Indirect modulation of cell metabolic activity through AMP-activated kinase (AMPK) and AKT kinase. IGF-1 -insulin-like growth factor 1; IGF-BP -IGF-binding protein; IGF-R -IGF-1 receptor; PI3K -phosphoinositol-3-kinase; PIP2/3 -phosphoinositol di/triphosphate; PTEN -phosphatase and tensin homolog, a PIP3 phosphatase; SESN -Sestrin 1 or 2; TSC1/2 -tuberous sclerosis protein 1/2, major regulators of mTOR activity; C. Indirect regulation of mTOR (mammalian target o rapamycin), a central cell growth, survival and motility regulator, by p53. RHEB -Ras homolog enriched in brain, a cell membrane anchored protein, the main regulator of mTOR activity. D. Control of autophagy by p53. DRAM -damage-regulated autophagy modulator. Bold red arrows indicate main outcomes of p53 metabolic activity. Arrows with large filled arrowheads depict direct transcriptional activation by p53. Arrows with large empty arrowheads show phosphorylation. Levels of Reactive Oxygen Species (ROS) depend on p53 activity. Broken red line depicts critical level of p53 activity, which induces cell death pathways (varies in different tissues).
